The timing, structure and termination of the last southern mountain glaciation and its forcing remains unclear. Most studies have focused on the global Last Glacial Maximum (LGM; 26.5e19 ka) time period, which is just part of the extensive time-frame within the last glacial period, including Marine Isotope Stages 3 and 4. Understanding the glacial fluctuations throughout the glacial period is a prerequisite for uncovering the cause and climate mechanism driving southern glaciation and the interhemispheric linkages of climate change. Here, we present an extensive (n ¼ 65) cosmogenic 10 Be glacier chronology derived from moraine belts marking the pre-global LGM extent of the former Patagonian Ice Sheet in southernmost South America. Our results show the mountain ice sheet reached its maximum extent at 48.0 ± 1.8 ka during the local LGM, but attained just half this extent at 21.5 ± 1.8 ka during the global LGM. This finding, supported by nearby glacier chronologies, indicates that at orbital time scales, the southern mid-latitude glaciers fluctuated out-of-phase with northern hemisphere ice sheets. At millennial time-scales, our data suggest that Patagonian and New Zealand glaciers advanced in unison with cold Antarctic stadials and reductions in Southern Ocean sea surface temperatures. This implies a southern middle latitudes-wide millennial rhythm of climate change throughout the last glacial period linked to the north Atlantic by the bipolar seesaw. We suggest that winter insolation, acting alongside other drivers such as the strength and/or position of the southern westerlies, controlled the extents of major southern mountain glaciers such as those in southernmost South America.
Introduction
Variations in Earth's orbital parameters control the geographic and seasonal distribution of incoming solar radiation and this plays a primary role in the pacing of ice ages (Milankovitch, 1941) . Nonetheless, we lack a thorough knowledge of the timing, structure and termination of the last glaciation in southern hemisphere mountains and the mechanisms forcing change. While southern mountain glaciers expanded during the global Last Glacial Maximum (gLGM) (e.g., Mix et al., 2001, 26.5e19 ka) , the timing of their maximum extent (or local Last Glacial Maximum, lLGM) is rarely known because terminal moraines have remained mostly undated. An increasing number of recent studies suggest extended southern mid-latitude glaciers earlier than the gLGM (e.g., Doughty et al., 2015; Darvill et al., 2015a; Schaefer et al., 2015; Kelley et al., 2014; Putnam et al., 2013; Sagredo et al., 2011) . Most of the available data is from New Zealand and very limited pre-gLGM paleoclimate records, including Marine Isotope Stage (MIS) 3 and 4, exist for Southern South America that can be linked to local or global climate controls (Jouzel et al., 2007; Huybers and Denton, 2008; WAIS Divide Project Members, 2015) . Therefore, the timing of the lLGM for southern mountain glaciers and relevant forcing mechanisms still need to be defined, with consequences for our understanding of the interhemispheric phasing of maximum glaciation (Broecker and Denton, 1989; McCulloch et al., 2005; Huybers and Denton, 2008; Denton et al., 1999; Kaplan et al., 2008a; Hein et al., 2010; Putnam et al., 2013; Doughty et al., 2015; Darvill et al., 2015a Darvill et al., , 2016 . For instance, globally-distributed ice and marine sediment cores indicate near synchrony of past climate changes at the orbital time scale (10 4À5 years) (Jouzel et al., 2007; Lisiecki and Raymo, 2005) , but the question of whether northern ice sheets and southern mountain glaciers reached their maximum extents inphase within the last glacial period remains unresolved (Gillespie and Molnar, 1995; Hughes et al., 2013; Mercer, 1984; Sugden et al., 2005) . Here we present new geochronological data that gives insights into the timing and structure of the last glaciation in southern South America. Our data derive from 65 cosmogenic 10 Be exposure ages sampled from boulders on three moraine belts deposited by the Torres del Paine ice lobe and two moraine belts deposited by the Última Esperanza ice lobe ( Fig. 1 ) in southern Patagonia (50-51ºS).
Regional setting
The former Patagonian ice sheet (PIS) extended along the temperate southern Andes between 38 and 56ºS (Hollin and Schilling, 1981; Caldenius, 1932; Glasser et al., 2008, Fig. 2A) . During the LGM, the PIS was drained by fast-flowing outlet glaciers that followed ice streams further upglacier (Glasser and Jansson, 2005) . Nonetheless, important differences existed between the southern and northern sections of the PIS. For instance, the northern PIS can be regarded as a mountain style of glaciation whereas the southern PIS as a mountain ice sheet style of glaciation (García, 2012) . In the Chilean Lake District (39e41 ºS, Fig. 1 ), glaciers were relatively thin, steep, narrow and short when compared to the thicker and larger ice that mantled southernmost South America (50e55 ºS). Here, extensive, low-gradient ice lobes extended between about 100 and 200 km from the mountain ice catchments (e.g., García et al., 2014; Darvill et al., 2015b Darvill et al., , 2017 Bendle et al., 2017a,b) . The former Torres del Paine and Última Esperanza ice lobes drained a southeast section of the PIS in southernmost South America and extended 100 km further east of the present-day ice field.
The region occupies an isolated and unique geographic position given that no other continental mass exists at these latitudes. Today, the climate in the region is temperate-cold, with a significant precipitation gradient across the Andes Mountains. Westerly wind-transported storms originating at the Antarctic Polar Front Zone are associated with elevated precipitation levels (c. 6e10 m per year at present day ice fields, DGA, 1987; Escobar et al., 1992) and decreased temperatures (Garreaud, 2007) that directly affect local climate and the ice fields mass balance (e.g., Rivera et al., 2002) . Cloudiness and precipitation occur year-round over the ice fields, at the former catchments of the Torres del Paine and Última Esperanza ice lobes (Miller, 1976; Warren and Sugden, 1993; Carrasco et al., 2002) . To the east, precipitation reduces rapidly in just a few tens of km to only a few hundred mm per year within the rain shadow of the Andes, where a forest-steppe ecotone occurs (Moreno et al., 2009) . Distant from the North Atlantic climate, the southern part of the former PIS is expected to preserve a morphostratigraphic record of climate change highlighting any prominent paleoclimate signal from the adjacent Antarctic and Southern Ocean realm (Fig. 1) .
In this study, we have mapped and dated, from oldest to youngest, the Río de las Vizcachas (RV) I, RV II, and Torres del Paine (TDP) I moraines in Torres del Paine, and the Río Turbio (RT) and Arauco (AR) moraine belts in Última Esperanza (Caldenius, 1932; Meglioli, 1992; Marden and Clapperton, 1995; Sagredo et al., 2011; García et al., 2014; Darvill et al., 2014 Darvill et al., , 2017 (Fig. 2) . The RV I and RT moraines are the most extensive, having been deposited 100 km to the east of the present-day South Patagonian Ice Field. The RV II and AR frontal moraines occur just inboard of the outermost moraines. The TDP I moraine, on the other hand, occurs 50 km inboard of the outermost RV I moraine, reflecting a far lessextensive glacial phase for which there is no equivalent preserved in the Última Esperanza valley (Fig. 2) .
MATERIALS and methods

Sample collection
In situ-produced 10 Be exposure ages were measured in rocks collected using a hammer and chisel from the upper~2 cm of tall (wherever possible >100 cm height) well-preserved boulders of quartz-bearing lithologies (e.g., Michel et al., 2008) embedded in, or resting on stable moraine crest tops (Figs. 3e4) . Two cobbles were sampled from the proglacial RV outwash plain (Torres del Paine), but we did not include them in the calculations of moraine ages because this landform may have been reworked during multiple RV glacial oscillations. In the field, we used a hand-held GNSS systems to measure geographic position (accurate to within approximately <5 m; vertical error 10 m). We determined the shielding effect of the surrounding relief using clinometer readings at 15 intervals. Dip angle and dip direction of the sampled surfaces were recorded and these data were used to correct the exposure-age calculations when sampled surfaces dipped >10 , which occurred rarely.
Torres del Paine ice lobe 10
Be samples In Torres del Paine we collected samples from the RV I, RV II and TDP I moraines (Fig. 3) . Most of the RV I samples (>75%) were obtained from the northern lateral moraine at Sierra Contreras. All of these samples were granite in lithology and for the most part (>75%) taller than 100 cm. Boulders were randomly distributed over the broad and convex crest of the moraine. We sampled boulders along the central axis of the crest but also the upper proximal and distal slopes (~<20 ) where necessary. Two samples were collected at the southern RV I lateral (RVILS-12-01, RVILS-12-02) and another two boulders (RVI-08-01, RVI-08-01) were collected at the outer frontal RV I moraine. Finally, two cobbles were sampled from the outwash plain grading from the frontal RV moraine complex. These are RVIFL-12-02, RVIFL-12-03 (Fig. 2B) .
Six of the seven boulders collected from the RV II moraine were obtained from the northern lateral moraine at Sierra Contreras (Fig. 2B) . The RV II moraine is parallel to the RV I moraine but it does not contain as many boulders on its surface. Sampled boulders ranged from 74 to 112 cm tall and were collected from stable moraine tops. At the Laguna Salada area, we sampled a single boulder (no more found) from the outermost lateral moraine (RVIILS-12-01) (Fig. 2B) .
At the inboard northern lateral TDP I moraine we sampled six boulders, most of them of granitic lithology. Samples were for the most part <100 cm tall and distributed along the 1 km-long lateral moraine. Hollin and Schilling (1981) , Caldenius (1932) and Glasser et al. (2008) . CLD: Chilean Lake District; RC: Río Cisnes; LBA: Lago Buenos Aires; LC/LP: Lago Cochrane/Lago Pueyrred on; TDP: Torres del Paine; UE: Última Esperanza; EM: Estrecho de Magallanes; BI: Bahía Inútil. Off-shore sediment cores discussed in the paper are shown also (B) Torres del Paine and (C) Última Esperanza geomorphological maps depict, among other geomorphic features, the moraine belts mapped and dated within this paper. From oldest to youngest, these moraine belts are the Río de las Vizcachas (RV) I, RV II, and Torres del Paine (TDP) I moraines from the Torres del Paine site, and the Río Turbio (RT) and Arauco (AR) moraine belts from the Última Esperanza site. Boxes include 3.1.2. Última Esperanza ice lobe 10 
Be samples
At the Última Esperanza ice lobe we sampled boulders from the RT and AR moraine belts. Samples were obtained from the northern lateral moraines, including the Sierra Dorotea site (Sagredo et al., 2011; Figs. 2C and 4) . The RT moraine is continuous and exposes distinct inner, intermediate and outer ridges, containing sparsely distributed surface boulders. The moraine belt can reach 1000 m wide and it is delimited to the north by older (outer) drumlinised landforms, and to the south by the Arauco outwash plain. We obtained 11 samples along~5 km of the RT moraine. Two of the 11 sampled boulders were >100 cm tall; the other sampled boulders ranged from 49 to 88 cm above the ground. Sampled boulders included quartz-bearing lithologies, such as granites, occurring on top of the close-spaced gentle moraine ridges making-up the RT landform (Fig. 4) .
At the inner AR moraine belt we collected rock samples from the outermost moraine but also from inboard ridges at several locations along this landform. We sampled boulders along the length of the lateral moraine complex. For the most part, AR samples come from a~6 km range along the AR moraine between the Villa Dorotea and Casas Viejas international roads (Fig. 2C ). Another cluster of samples was collected at the Sierra Dorotea (the DOR samples). Sampled boulders ranged from 51 to 343 cm tall (Fig. 4) .
Sample preparation and analysis
All samples were crushed, sieved and separated with heavy liquids in the Catholic University laboratory facilities (Santiago). Quartz isolation was done at the University of Edinburgh and the University of Cologne using acid etching techniques described by Kohl and Nishiizumi (1992) , with modifications at Edinburgh following Bierman et al. (2002) and at Cologne following Mifsud et al. (2013) . Samples obtained at Torres del Paine (RV and TDP moraines) were prepared as Accelerator Mass Spectrometry (AMS) targets at the University of Cologne. At the University of Edinburgh, we prepared samples from the Última Esperanza basin: the RT and AR moraines.
At the University of Edinburgh's cosmogenic nuclide laboratory, 5e27 g of pure quartz separate were spiked with~250 mg 9 Be carrier (Scharlau Beryllium ICP standard solution, 1000 mg/l, density 1.02 g/ml) and prepared as AMS targets using standard techniques outlined in Hein (2009 For samples prepared in the University of Cologne cosmogenic nuclide target preparation laboratory we used the multiple-column 'standard techniques' outlined in Binnie et al. (2015) . Following purity checks on an assay of the samples by ICP-OES, between~5 and 35 g of pure quartz separate was spiked with~300 mg of commercially available Be carrier (Scharlau, 1000 mg/l, Beryllium ICP standard solution density 1.02 g/ml). Reagent blanks (n ¼ 7) prepared alongside the samples, gave 10 Be/ 9 Be values betweeñ 6 Â 10 À16 to~7 Â 10 À15 .
Measurements of 10 Be/ 9 Be were undertaken at CologneAMS (Dewald et al., 2013) , normalized to the revised standard values reported by Nishiizumi et al. (2007 Be added during sample processing (estimated as 1% at 1s in both Edinburgh and Cologne) and the AMS measurement uncertainties of both the sample and blank.
Data interpretation
The glacier history reconstruction presented in this paper derives from interpretations of both geomorphology and cosmogenic 10 Be exposure ages. While the 10 Be ages likely represent the timing of moraine abandonment, within given uncertainties, we consider them to represent the culmination of the respective glacial advance. For calculation of 10 Be ages we assumed zero erosion and used the CRONUS online exposure-age calculator Version 2.2 and Version 2.2.1 of the constants file (Balco et al., 2008) applying the local 10 Be production rate site in Southern Patagonia (3.71 ± 0.11
; Kaplan et al., 2011) . Selecting the scheme of Dunai (2001) or Lal (1991) and Stone (2000) or Desilets and Zreda (2003) for scaling 10 Be measurements to sea-level and highlatitude provide age-differences within 1% (e.g., within the analytical uncertainties). The scaling method by Pigati and Lifton (2004) , Lifton et al. (2008 Lifton et al. ( , 2014 produces c. 2% younger ages. In this study, we use Dunai (2001) but this choice does not change our conclusions. The inputs used in the CRONUS online calculator are given in Table 1 and resulting 10 Be ages are displayed in Table 2 .
In order to calculate the age of a glacial advance, we separated the 10 Be ages based on moraine belts. Each of these landforms can include multiple ridges from where we sampled rocks for 10 Be dating (Fig. 2) . We first obtained the summed probability distribution for each moraine belt (Figs. 5e6) . Visual inspection and reduced chi-square values for each moraine reveals that the data do not conform to a normal distribution and so we prefer to use the more robust median and associated median absolute deviation (MAD), instead of the mean and standard deviation statistics that are used preferentially when data is normally distributed (Rock et al., 1987) . The median and the MAD together strengthen the central trend of the data, which reflects the peak age of the summed probability that, in our case, best represents the age of the moraine. We treated samples more than two MADs distant from the median age of the moraine as outliers and did not include them in our calculations. We performed this procedure iteratively until remaining data satisfied this criterion. This approach allows us to aggregate the samples that cluster to form a well-defined peak age, which gives the highest probability for the timing of the moraine abandonment after the glacial advance culmination. Outliers detected and rejected appear in italics in Fig. 2 and Table 2 (see the outlier note in the supplementary information). We present the median age for each moraine, including all filtered samples that produce the main probability peak (see Figs. 5e6). Moraine age uncertainties quoted are the sum of the MAD and the South Río de las Vizcachas_RV I Terminal Moraine RVI-08-01 48600 ± 1300 2100 48700 ± 1300 2100 47800 ± 1300 2000 49000 ± 1300 2100 RVI-08-02 47400 ± 1000 1900 47500 ± 1000 1900 46600 ± 1000 1800 47800 ± 1000 1900 Río de las Vizcachas_RV I Lateral Moraine RVISC-13-07 47500 ± 1800 2400 47700 ± 1800 2400 46600 ± 1800 2400 47800 ± 1800 2400 RVISC-12-10 43400 ± 1800 2300 43600 ± 1800 2300 42600 ± 1800 2300 43700 ± 1800 2400 RVISC-12-05 43700 ± 1900 2400 43800 ± 1900 2400 42800 ± 1900 2400 44000 ± 1900 2400 RVISC-13-06 42000 ± 1600 2100 42100 ± 1600 2100 41200 ± 1600 2100 42200 ± 1600 2100 RVISC-12-01 40500 ± 1700 2100 40600 ± 1700 2100 39700 ± 1700 2100 40800 ± 1700 2100 RVILS-12-01 40200 ± 1600 2100 40300 ± 1600 2100 39500 ± 1600 2100 40400 ± 1600 2100 RVISC-12-06 39200 ± 1800 2200 39300 ± 1800 2200 38400 ± 1800 2200 39500 ± 1800 2200 RVISC-12-02 36900 ± 1700 2100 36900 ± 1700 2100 36200 ± 1700 2100 37000 ± 1700 2100 RVISC-12-04 38200 ± 1600 2100 38300 ± 1600 2100 37400 ± 1600 2000 38400 ± 1600 2100 RVISC-13-01 37600 ± 1500 1900 37700 ± 1500 1900 36800 ± 1500 1900 37800 ± 1500 1900 RVISC-12-08 36000 ± 1500 1900 36100 ± 1500 1900 35300 ± 1500 1900 36200 ± 1500 1900 RVISC-13-03 36500 ± 1400 1900 36600 ± 1400 1900 35800 ± 1400 1800 36700 ± 1400 1900 RVISC -13-05 32800 ± 1500 1900 32800 ± 1500 1900 32200 ± 1500 1800 33000 ± 1500 1900 RVISC -13-04 31200 ± 1300 1600 31200 ± 1300 1600 30600 ± 1300 1600 31400 ± 1300 1600 RVISC -12-07 29400 ± 1200 1500 29500 ± 1200 1500 28900 ± 1200 1500 29600 ± 1200 1500 RVILS -12-02 26300 ± 1200 1500 26300 ± 1200 1500 26000 ± 1200 1500 26400 ± 1200 1500 RVISC-13-02 26200 ± 1100 1400 26300 ± 1100 1400 25800 ± 1100 1400 26400 ± 1100 1400 Río de las Vizcachas_RV II Moraine RVIISC-12-06 54700 ± 2200 2900 54800 ± 2200 2900 53800 ± 2200 2800 55000 ± 2200 2900 RVIISC-12-03 45100 ± 2000 2500 45200 ± 2000 2500 44400 ± 2000 2500 45400 ± 2000 2500 RVIISC-12-08 37400 ± 1400 1900 37400 ± 1400 1900 36800 ± 1400 1900 37600 ± 1400 1900 RVIISC-12-02 35700 ± 1600 2000 35700 ± 1600 2000 35200 ± 1600 1900 35900 ± 1600 2000 RVIISC-12-10 34300 ± 1300 1800 34300 ± 1300 1800 33700 ± 1300 1700 34400 ± 1300 1800 RVIILS-12-01 33600 ± 1700 2000 33600 ± 1700 2000 33000 ± 1700 2000 33700 ± 1700 2000 RVIISC-12-05 29700 ± 1200 1600 29700 ± 1200 1600 29300 ± 1200 1600 29800 ± 1200 1600 RV Outwatsh Plain RVIFL-12-03 44000 ± 2000 2500 44100 ± 2000 2500 43300 ± 2000 2500 44400 ± 2000 2500 RVIFL-12-02 36200 ± 2100 2400 36200 ± 2100 2400 35700 ± 2100 2400 36400 ± 2100 2400 Torres del Paine_TDP I Moraine TOR-14-02 24200 ± 1200 1400 24200 ± 1200 1400 23900 ± 1200 1400 24300 ± 1200 1400 TOR-12-01 22900 ± 1200 1400 22900 ± 1200 1400 22700 ± 1200 1400 23000 ± 1200 1400 TOR-12-03 21500 ± 1100 1300 21500 ± 1100 1300 21300 ± 1100 1300 21600 ± 1100 1300 TOR-12-02 19800 ± 1000 1200 19800 ± 1000 1200 19600 ± 1000 1200 19800 ± 1000 1200 TOR-14-03 19500 ± 1000 1200 19500 ± 1000 1200 19300 ± 1000 1200 19600 ± 1000 1200 TOR-14-04 13400 ± 800 900 13400 ± 800 900 13300 ± 800 900 13400 ± 800 900 Río Turbio_RT Moraine RT-13-10 72600 ± 2800 3700 72800 ± 2800 3700 71300 ± 2800 3700 73200 ± 2800 3800 RT-13-18 57300 ± 2300 3000 57400 ± 2300 3000 56300 ± 2300 3000 57800 ± 2300 3000 RT-13-02 51900 ± 2000 2700 52000 ± 2000 2700 51000 ± 2000 2600 52400 ± 2000 2700 RT-13-14 49500 ± 2400 2900 49700 ± 2400 2900 48700 ± 2400 2900 50000 ± 2400 3000 RT-13-13 48300 ± 2000 2600 48500 ± 2000 2600 47500 ± 2000 2500 48800 ± 2000 2600 RT-13-11 48000 ± 3000 3400 48200 ± 3000 3400 47200 ± 3000 3300 48500 ± 3000 3400 RT-13-12 48000 ± 2600 3100 48100 ± 2600 3100 47200 ± 2600 3000 48500 ± 2600 3100 RT-13-08 46300 ± 2200 2600 46500 ± 2200 2600 45600 ± 2200 2600 46800 ± 2200 2700 RT-13-16 46400 ± 1900 2500 46500 ± 1900 2500 45600 ± 1900 2400 46800 ± 1900 2500 RT-13-15 46100 ± 2400 2900 46300 ± 2400 2900 45400 ± 2400 2800 46600 ± 2400 2900 RT-13-05 25500 ± 2300 2400 25500 ± 2300 2400 25200 ± 2300 2400 25700 ± 2300 2400 Arauco_AR Moraine DOR-12-04 70700 ± 3400 4100 70800 ± 3400 4100 69400 ± 3400 4000 71200 ± 3400 4100 AR-13-10 46300 ± 2300 2800 46400 ± 2300 2800 45600 ± 2300 2700 46800 ± 2300 2800 AR-13-16 42100 ± 2200 2600 42200 ± 2200 2600 41400 ± 2200 2600 42500 ± 2200 2600 AR-13-06 39400 ± 1900 2300 39500 ± 1900 2300 38800 ± 1900 2300 39800 ± 1900 2300 DOR-12-08 36200 ± 2600 2900 36300 ± 2600 2900 35600 ± 2600 2800 36400 ± 2600 2900 DOR-12-09 35000 ± 2600 2900 35100 ± 2600 2900 34500 ± 2600 2800 35200 ± 2600 2900 DOR-12-02 34800 ± 1500 1900 34900 ± 1500 1900 34300 ± 1500 1800 35000 ± 1500 1900 AR-13-08 34100 ± 1400 1800 34200 ± 1400 1800 33600 ± 1400 1800 34400 ± 1400 1800 AR-13-07 34000 ± 1400 1800 34000 ± 1400 1800 33500 ± 1400 1800 34200 ± 1400 1800 AR-13-09 34000 ± 3000 3100 34000 ± 3000 3100 33400 ± 3000 3100 34200 ± 3000 3200 AR-13-23 33800 ± 1500 1900 33900 ± 1500 1900 33300 ± 1500 1900 34100 ± 1500 1900 AR-13-22 33300 ± 1500 1900 33300 ± 1500 1900 32800 ± 1500 1800 33600 ± 1500 1900 AR-12-06 33100 ± 3000 3100 33100 ± 3000 3100 32600 ± 3000 3100 33300 ± 3000 3200 AR-12-07 32700 ± 1700 2000 32800 ± 1700 2000 32200 ± 1700 2000 33000 ± 1700 2000 AR-13-17 31200 ± 1400 1700 31200 ± 1400 1700 30800 ± 1400 1700 31500 ± 1400 1700 AR-13-18 30500 ± 1600 1900 30500 ± 1600 1900 30000 ± 1600 1900 30700 ± 1600 1900 DOR-12-06 28800 ± 1800 2000 28800 ± 1800 2000 28400 ± 1800 2000 29000 ± 1800 2000 AR-13-02 26000 ± 1200 1500 26000 ± 1200 1500 25600 ± 1200 1500 26100 ± 1200 1500 AR-12-05 23600 ± 1200 1400 23600 ± 1200 1400 23300 ± 1200 1400 23800 ± 1200 1400 AR-13-03 16300 ± 1000 1100 16300 ± 1000 1100 16200 ± 1000 1100 16300 ± 1000 1100
Note: 10 Be ages in years calculated with four different scaling protocols using the CRONUS online calculator (version 2.2, Balco et al., 2008) . 'Du' is the time dependent scaling scheme of Dunai (2001) Be production rate uncertainty of 3% .
Results
Torres del
Paine ice lobe 4.1.1
. Río de las Viscachas (RV) moraines
The mapping of the RV moraine at Torres del Paine has been described in previous studies (Caldenius, 1932; García et al., 2014 , Fig. 2B ). The eastern frontal margin includes multiple concentric moraine ridges deposited over a distance of c. 15 km. Moraine ridges are wide (e.g., tens of meters) and are difficult to distinguish from the ground. The area is better described as a hummocky terrain including moraine mounds and depressions that form an overall irregular topography. Small, dry lake basins throughout the moraine field separate the moraine mounds, which in turn can reach up to about 30 m tall. Ice marginal meltwater channels help to differentiate each of the RV frontal moraines deposited here.
Two distinct RV I and RV II lateral moraines are well preserved at both sides of the former Torres del Paine ice lobe (García et al., 2014) . They are mostly continuous for~50 km delineating the former extent of the ablation zone of the Torres del Paine ice lobe. At the southern margin, at the Laguna Salada site (Fig. 2B) , the RV I and RV II lateral moraines are distinct and appear separated from each other by a mosaic of marginal and subglacial glacial landforms that include subdued moraine ridges, intermoraine depressions occupied by dry lakes, and glacial lineations exposing the former ice flow direction. At the northern margin, the Torres del Paine ice lobe buttressed against the Sierra Contreras mountain and deposited two prominent lateral RV I and RV II moraines, which can be tracked almost continuously for >8 km. Here, both the RV I and RV II landforms occur mostly as broad single moraine crests at~700 and 350 m a.s.l., respectively. Most of our RV rock samples were obtained at Sierra Contreras (Figs. 2Be3a, c) .
Torres del Paine (TDP) I moraines
Previous studies (Marden and Clapperton, 1995; García et al., 2014) provided a detailed description of this landform. At Lago del Toro, the TDP I occurs as a well-defined moraine belt that can include up to three moraine ridges (Fig. 2B) . Although glaciofluvial erosion has breached this landform, we have mapped it to continue up into the southern flank of Sierra del Toro to form a single, sharp (e.g., proximal slopes at the angle of repose), well-preserved lateral moraine. The lateral TDP I moraine ridge is up to several meters across and extends continuously for more that 1 km. Our TOR samples were obtained from this part of the moraine (Fig. 3d) .
Última Esperanza ice lobe
Río Turbio (RT) and Arauco (AR) moraines
Past work (Caldenius, 1932; Meglioli, 1992; Sagredo et al., 2011; Darvill et al., 2014) have provided insight into the main geomorphic attributes of these concentric dual moraine belts. Both moraine arcs are semi-continuous for~80e100 km surrounding the Lago Balmaceda plane basin (Fig. 2C ) and expose the former perimeter of the Última Esperanza ice lobe during the maximum extent attained during the last glacial period.
The terminus of the RT and AR moraines occupy a large area where a mosaic of well developed moraine ridges and irregularly shaped ridges (cf., Darvill et al., 2014) coexist with intermoraine depressions carved by ice marginal meltwater channels. Similar to the RV moraine complex (Torres del Paine ice lobe), the RT and AR frontal moraines were deposited over a distance of~18 km across an east west transect. Well-developed frontal moraine ridges are not conspicuous and the moraine landscape is better defined as bands of irregularly shaped ridges separated by depressions that help to distinguish the moraines (cf., Darvill et al., 2014) . Major ice marginal channels parallel to the former ice snout could hint at the different generations of landforms. As in the Torres del Paine ice lobe, lateral moraines are developed at both sides of the former Última Esperanza ice lobe over a distance of~50 km. These lateral moraines are better preserved on the northern side where we focused on sampling for our 10 Be glacier chronology (Fig. 4) . Here, an extensive and continuous outwash corridor, carved during the younger AR glacial advance separates these two generations of moraine belts (Fig. 2C) . The RT lateral moraine complex can include three distinct ridges that make up a distinct drift level~40 m above the inner AR drift. The moraine ridges are well preserved but are rather wide and low in relief with gentle slopes, exposing a former glacial limit (Fig. 4) .
Several ridges make up the inboard AR moraine arc. Whereas the outer moraines within the AR belt are well preserved, the inner ridges can appear subdued and are surrounded by glaciofluvial deposits. For instance, three gentle, wide radii crests are distinct at Sierra Dorotea, but multiple ridges occur in the Casas Viejas area. Intermoraine depressions filled with mires and ponds separate different ridges. The AR moraines can be up to 15 m but normally are <10-5 m tall and continuous for hundreds of meters. Several moraine ridges can converge into one single crest, depicting the composite character of some of these landforms that demark the former maximum AR extent of the Última Esperanza ice lobe. At the northeast margin, the Última Esperanza ice lobe buttressed against the Sierra Dorotea and filled its upper basin to build the AR moraines inboard of the RT moraines. Extensive glaciolacustrine shorelines were eroded on the inner side of the AR moraine belt during deglaciation and reflect the postglacial paleolake history (cf., Sagredo et al., 2011) (Fig. 2C) .
Chronology
At Torres del Paine, the RV moraines were dated at their frontal and lateral outer moraines. Two boulders at the outer frontal RV I moraine yielded a median exposure-age of 48.0 ± 1.6 ka (age range 48.6e47.4 ka), while eleven boulders on the outer lateral portion of the RV I moraine at Sierra Contreras and Laguna Salada yielded a median age of 39.2 ± 2.0 ka (age range 44.3 ka -36.5 ka). The outer RV II lateral moraines sampled at Sierra Contreras and Laguna Salada yielded a median age of 35.0 ± 1.5 ka (n ¼ 4, age range 33.6 ka e 37.4 ka). Two cobbles collected from the RV outwash plain yielded 44.0 ± 2.0 ka and 36.2 ± 2.1 ka. Finally, the inner TDP I northern lateral moraine yielded median exposure-age of 21.5 ± 1.8 ka (n ¼ 5, age range 19.5 ka e 24.2 ka) (Fig. 8) . Despite the relatively small size of the TDP I boulders, we do not see an obvious effect on the exposure ages obtained from them. In fact, excluding TOR-14-04, the exposure ages form a distinct cluster and an overall congruent chronological pattern.
At Última Esperanza, we sampled boulders from the outer et al. (2008) and Pigati and Lifton (2004) , and 'Lm' is the time dependent version of Lal/Stone scaling scheme (Stone, 2000; Lal, 1991) . All ages were calculated using a 10 Be production rate measured at the nearby Lago Argentino area in southern Patagonia , which agrees closely to New Zealand's Macaulay site (Putnam et al., 2010b) . In the paper we discuss ages using the Du scaling scheme. Density of rock used for calculating 10 Be ages is 2.65 g cm
À3
. Age uncertainties reported are 1 standard deviation internal (int), which include analytical uncertainty only, and external (ext), which includes systematic uncertainties associated with production rate scaling. Ages have been rounded using three significant figures. Ages in italics are outliers. Be production rate), respectively, for the filtered moraine age. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) northern RT lateral moraine, which yielded a median exposure age of 48.0 ± 2.1 ka (n ¼ 8; age range 46.1 ka e 51.9 ka). The inner AR moraine was also sampled from the northern lateral, but also includes the Sierra Dorotea site. Altogether, the ages from the AR moraine yielded a median exposure-age of 33.9 ± 1.3 ka (n ¼ 12, age range 30.5 ka e 36.2 ka) (Fig. 8) .
Discussion
Glacier advances by the Torres del paine and Última Esperanza ice lobes
For the Torres del Paine ice lobe, we interpret the RV I moraine complex to include at least two main glacial advances culminating first at 48.0 ± 1.6 ka (RV I terminal moraine), and then at 39.2 ± 2.0 ka (RV I lateral moraine). A third and a fourth ice advance followed at 35.0 ± 1.5 ka (RV II lateral moraine) and then at 21.5 ± 1.8 ka (TDP I lateral moraine). Within statistical uncertainties, the first and third of these advances were also recorded by the Última Esperanza ice lobe by the Río Turbio moraine deposition at 48.0 ± 2.1 ka, and the Arauco moraine at 33.9 ± 1.3 ka, respectively. We therefore combined the moraine record from both glacial basins and obtained a composite glacial chronology that included 4 glacial advances at 48.0 ± 1.6 ka, 39.2 ± 2.0 ka, 34.0 ± 1.3 ka and 21.5 ± 1.8 ka (Figs. 7e8) . Our data suggest that the Torres del Paine and Última Esperanza ice lobes advanced in close synchrony, confirming a correlated response to climate forcing rather than local glacier dynamics.
The patagonian lLGM
Our data demonstrate a comprehensively dated maximum glacial extent at 48 ± 1.8 ka in Patagonia during MIS 3, about 15 kyr earlier than the previously considered start of the lLGM in the region (cf., Denton, et al., 1999; Kaplan et al., 2008a; Moreno et al., 2015) .
The convention in the literature suggests that Patagonian glaciers reached their lLGM between about 29.0 and 17.8 ka (Kaplan et al., 2004 (Kaplan et al., , 2008a Sudgen et al., 2005; McCulloch et al., 2005; Douglass et al., 2006; Hein et al., 2010; Darvill et al., 2016) . These studies are based on direct moraine dating using terrestrial cosmogenic nuclides (e.g.,
10
Be) along the Patagonian Andes. Nonetheless, there is strong evidence for an earlier glacier expansion in southern South America. For instance, in the Chilean Lake District, using a stratigraphic-based approach, Denton et al. (1999) , confirmed later by Moreno et al. (2015) , dated the lLGM to be between about 33.6 and 17.8 ka, exposing a late MIS 3 expansion to outer moraines at the north Patagonian Andes. Sagredo et al. (2011) , based on three 10 Be ages from boulders resting on moraines in Última Esperanza, obtained a earlier glacier advance dated to c. 38 ka. A MIS 3 glacier expansion is supported by the study of Darvill et al. (2015a) , which suggested two extensive glacial advances at 45.6 (þ139.9/À14.3) ka and 30.1 (þ45.6/À23.1) ka. Evidence for an early expansion of the PIS during the late MIS 3 has also been suggested from 10 Be-dated moraines in the Lago San
Martín basin (Glasser et al., 2011) . Altogether, glacier chronologies demonstrate that at least during various segments, the MIS 3 was a period of climatic deterioration and extensive ice in Patagonia. This may be in apparent contrast with paleoecological records evidencing MIS 3 interstadial conditions in the Isla de Chilo e at 42ºS Roig et al., 2001; Villagr an et al., 2004) . Our data also indicate that the Torres del Paine ice lobe readvanced during the peak of the gLGM at 21.5 ± 1.8 ka, as did Patagonian glaciers elsewhere (e.g., Denton et al., 1999; Kaplan et al., 2008a) , but this MIS 2 advance was substantially smaller, reaching just half the eastward extent of the local MIS 3 maximum. Darvill et al. (2015a) reached a similar conclusion, showing that the MIS 3 Río Cullen and San Sebastian glacial advances were significantly greater than the gLGM ice extent in Tierra del Fuego. The implication is that glacial conditions during MIS 3 seems to have been more pronounced than those during the gLGM, at least in southern Patagonia.
Despite robust evidence showing expanded ice during mid MIS 3, there is, as yet, no direct evidence for growth of glaciers during MIS 4 in Patagonia, although this scenario cannot be ruled out. In fact, sea surface temperature (SST) offshore of Patagonia (Kaiser et al., 2005) and, likely, pollen records afford evidence for stadial conditions during MIS 4. These records show either the same or colder conditions during MIS 4 compared to MIS 2, which should have prompted Patagonian glaciers to expand at this time (Denton et al., 1999; Kaplan et al., 2008a) . Indeed, dust peaks in Antarctic ice cores that have been linked to glacial activity in Patagonia are also suggestive of heightened Be ages from the RVI_terminal þ RT moraines (left) and RV II þ AR moraines (right) and the respective age of the I and III ice advances defined this way in this study. Fig. 8 . Glacial advances by the Torres del Paine and Última Esperanza ice lobes as depicted by summed probability plots of moraine ages. All filtered data from this study have been plotted to illustrate the similar ice fluctuations recorded by both glaciers. Upper panel. Each peak represents the highest probability for the timing of a glacial advance culmination. Lower panel. Combined Torres del Paine and Última Esperanza records that define four distinct ice expansions during the last glacial period. glacial activity in Patagonia during MIS 4 (Sugden et al., 2009) . Rejected outliers presented here and in previous studies (e.g., Sagredo et al., 2011), with 10 Be exposure ages between c. 60e70 ka, hint at an early expansion of the Última Esperanza ice lobe to the outer moraine belt during MIS 4. In our present understanding, the lLGM in Patagonia encompasses multiple (e.g., 6e8) glacial advances that deposited moraine crests as far as c. 100e200 km away from the present ice margins between 48.0 and 17.8 ka. For instance, our study has revealed four glacial advances occurring between c. 48 ka and 21 ka at the Torres del Paine and Última Esperanza basins. At least five other glacial advances between c. 33-18 ka have been recorded at different glacier basins, such as the Strait of Magellan, Bahía Inútil, Lago Pueyrred on, Lago Buenos Aires, or the Chilean Lake District along the Patagonian Andes (e.g., Denton et al., 1999; Kaplan et al., 2004 Kaplan et al., , 2008b McCulloch et al., 2005; Douglass et al., 2006; Hein et al., 2010; Daevill et al., 2015a) . Some of the glacier advances in our study area match, within uncertainties, the timing of previously identified glacial expansions in Patagonia, such as that at c. 33.6 ka in the Chilean Lake District (Denton et al., 1999; Moreno et al., 2015) or that at 45.6 ka (þ139.9/À14.3) in Tierra del Fuego (Darvill et al., 2015a) , but most of the MIS 2 glacial activity recorded in Patagonia seems not to be preserved in Torres del Paine nor in Última Esperanza, except for the advance at 21.5 ± 1.8 ka.
The southern middle latitude LGM
At the other side of the Pacific Ocean, the available paleoclimate records for an early (i.e., before MIS 2) New Zealand glaciation linked to cool atmospheric and oceanographic conditions are more widespread than in southern South America (e.g., Preusser et al., 2005; Barrows et al., 2007; McCarthy et al., 2008; Schaefer et al., 2015; Williams et al. 2015) . Glaciers of the Southern Alps expanded to reach their maximum extent of the last "Otira" glaciation during MIS 4. For instance, based on many 10 Be exposuredates of boulders embedded in the outermost moraine belt, Schaefer et al. (2015) provided definitive evidence for both the Pukaki and Tekapo glaciers (44 Sº) achieving their lLGM by c. 65 ka, building on previous work from the Southern Alps (Fink et al., 2006; Sutherland et al., 2007; McCarthy et al., 2008) . Major MIS 3 glacier readvances followed at c. 49-47 ka, c. 42 ka and c. 35e36 ka (Kelley et al., 2014; Schaefer et al., 2015; Doughty et al., 2015; Williams et al., 2015) . The glacial expansions occurred along with cooling episodes recorded also by pollen, speleothem d
18 O c , loess and SST proxies described in detail by Williams et al. (2015) . 18 O values offshore from New Zealand achieved near gLGM levels (Williams et al., 2015) . Excluding MIS 4, a period lacking well constrained evidence for glacial activity in Patagonia, we infer a similar MIS 3 glacial history between Patagonia and New Zealand (e.g., Almond et al., 2001; Shulmeister et al., 2010; Kelley et al., 2014; Doughty et al., 2015) . Despite that MIS 3 climate seems to have ameliorated in New Zealand, this period was punctuated by repeated cold stadials that included glacial expansions at least at 49-47 ka and 38e42 ka, and c.35.5 ka in agreement with the geochronologic glacial evidence from the Torres del Paine and Última Esperanza ice lobes. Some of these glacial advances in the Southern Alps extended to just behind the MIS 4 moraines and embraced full glacial conditions such as in our study area (e.g., Kelley et al., 2014) . Therefore, the available evidence shows similar MIS 3 glacial histories at both sides of the Pacific and documents a southern mid latitude mountain glacier climate signal. A comparable glacial history between the Patagonian Andes and the Southern Alps of New Zealand also involved MIS 2, with multiple extensive glacial advances culminating between c. 33 ka and 17.5 ka (Denton et al., 1999; Putnam et al., 2013; cf., Williams et al., 2015) .
In both mountain chains, the maximum glacial extent predated the gLGM period, either during the MIS 4 or MIS 3. Nonetheless, several southern mountain glaciers do not show such an early glacial maxima record (e.g., Kaplan et al., 2004; Putnam et al., 2013) . In such cases, one possibility is that the greater glacial extent during the gLGM overrode earlier glacial expansions at MIS 4 and MIS 3.
The Antarctic millennial-scale connection
Our data suggest a multi-millennial link between the southern hemisphere mid and high latitude climate changes. The glacial expansions at 48 ± 1.8 ka, 39 ± 2.0 ka, 34.0 ± 1.3 ka and 21.5 ± 1.8 ka by the Torres del Paine and Última Esperanza ice lobes correspond, within uncertainties, to millennial-scale cool phases recorded in Antarctic ice cores (Fig. 9dee) . In other words, the ice advances revealed here culminated in phase within uncertainties with an Antarctic stadial (Blunier and Brook, 2001; Jouzel et al., 2007; WAIS Divide Project Members, 2015) . Therefore, taking it at face value, our data show that Patagonian glaciers fluctuated in phase with Antarctic climate not only during the gLGM (e.g., Sugden et al., 2009) , but earlier in the glaciation also. If so, glacier advances recorded in this study reveal the sensitivity of low gradient PIS outlet glaciers to c. 2 C Antarctic climate cooling stages that punctuated the last glacial period (Jouzel et al., 2007) . Dust peaks as recorded in East Antarctica (Lambert et al., 2012, Fig. 9d ) coincide with the advances of the TDP and UE ice lobes and therefore support the view of Patagonia glacial fluctuations controlling the dust flux over East Antarctic during the glacial periods (e.g., Sugden et al., 2009; Kaiser and Lamy, 2010) . Stadial conditions in Antarctica were accompanied by Southern Ocean cooling and winter sea ice expansion into lower latitudes (e.g., Mashiotta et al., 1999; Bianchi and Gersonde, 2004, Fig. 9f) . A concurrent northward shift of the Antarctic cold water and its deflection along the western coast of southern South America has been recorded as far as 41ºS throughout the last glacial period and tied to PIS advances (Lamy et al., 2004; Kaiser et al., 2005; Caniup an et al., 2011) (Fig. 9g) . The southern westerly wind belt shifted or expanded north and acted as a main modulator of millennial-scale climate changes intensifying cooling and humid conditions in the mid latitudes during each Antarctic stadial. Therefore, a cooler and wetter atmosphere tied to lower sea surface temperatures and shifted westerlies accompanied and led to the expansion of glaciers in Patagonia (Kohfeld et al., 2013) . These linkages between southern glacial expansion and Antarctic cooling have been recorded in New Zealand also, therefore supporting the southern mid-latitude view of glacial fluctuations being in phase with Antarctic climate and Southern Ocean change at millennial timescales throughout the last glacial period (e.g., Lamy et al., 2004 Lamy et al., , 2015 Sugden et al., 2009; Putnam et al., 2010a; Barrows et al., 2007; García et al., 2012; Strelin et al., 2011; Kelley et al., 2014; Doughty et al., 2015; Caniup an et al., 2011) . In addition, North Atlantic Dansgaard Oeschger interstadials coincided with a northern shift of the thermal equator and the southern westerlies linked to the expansion of the Southern Ocean fronts and the Antarctic sea ice margins. The latter expose a potential interhemispheric link between the oceanic and atmospheric bipolar seesaw and ice fluctuations in the south through the last glacial period (Anderson et al., 2009; Denton et al., 2010; García et al., 2012; Darvill et al., 2016) . (Berger and Loutre, 1991) . b) Sea level fluctuations expressed as percentages (%) of total change during the last glacial period. The high-resolution curve is the benthic O-isotope record of site MD952042 (Shackleton et al., 2000) , which is illustrative of global sea level change modulated by the northern continental ice sheets. Closed circles are the dated corals at Huon Peninsula (Chappell, 2002) . Uncertainties shown are 1 standard deviation. c) Patagonian glacier advances and ice extent expressed as percentage relative to present ice margin (this study; the younger advance by García et al., 2012) . d) East Antarctic EPICA Dome C dust flux (Lambert et al., 2012) . e) West Antarctic Ice Sheet divide ice core O-isotope record (WAIS Divide Project Members, 2015) . f) E11-2 site (Pacific sector of the Southern Ocean) sea surface temperature (SST) (Mashiotta et al., 1999) . g) MD07-3128 site (southern Patagonia continental margin, c. 1100 m depth) SST (Caniup an et al., 2011). Grey hatched areas indicate the lLGM: local last glacial maximum based on this study and the gLGM: global last glacial maximum (Mix et al., 2001 ). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
The southern insolation role
So far, we have suggested that there is a direct link between Antarctic climate change and southern mid-latitude glacier response at millennial times-scales throughout the last glacial period. We now consider the cause of an early MIS 3 maximum as compared to the MIS 2 glacial extent in Patagonia. We suggest that changes in obliquity-modulated southern winter-insolation may affect long-term fluctuations of the southern PIS (Fig. 9a, c) . Insolation effects may be enhanced or reduced by positive or negative feedbacks, respectively, driving the apparent asymmetry of maximum glaciation within the southern latitudes.
The PIS reached its maximum extent of the last glacial period at c. 48 ka in TDP and UE, and likely in Tierra del Fuego (Darvill et al., 2015a) . Huybers and Denton (2008) proposed that Antarctic temperature at orbital time scales was controlled by season duration and that this climatic signal propagated its influence to the adjacent southern middle latitudes through coupled sea ice and CO 2 feedbacks. Despite that the maximum at 48 ka occurred when summers were shortening and winters expanding, this trend only lasted a few thousand years and is uncharacteristic for the MIS 3 period, which, in turn, was dominated by long summers and short winters in the south (Huybers and Denton, 2008) . Therefore, the duration of seasons doesn't appear to be an obvious control of the PIS maximum in south Patagonia. On-the-other-hand, obliquitymodulated high latitude winter-insolation intensity reached a minimum at about 48 ka (Fig. 9a) , coincident with the southern PIS maximum extent at TDP and UE. Therefore, it is possible that orbitally driven winter intensity played a causal role driving the PIS extent fluctuations. Atmospheric cooling (during glacial periods) promotes the Southern Ocean stratification and expanded sea ice (Sigman et al., 2004) at the same time as a northward shift of the Polar Front and intensification of the southern westerlies, and associated southern glacial expansion (cf., Kohfeld et al., 2013) . As winter sea-ice is related to Antarctic temperature (Wolff et al., 2006) , it could be expected that a minimum in cold winter temperatures during high obliquity coincided with extended winter sea ice, intensified open Southern Ocean stratification, and southern mid-latitude glaciation. In this regard, we suggest that the southern PIS maximum at 48 ka should have been affected by very intense winter conditions, which were caused by a combination of forcings: (1) a long-term high obliquity peak in coincidence with (2) a shortterm Antarctic stadial period (Fig. 9a, c-f) . In west Antarctica, the stadial culminated at about 48 ka (WAIS Divide Project Members, 2015, Fig. 9e) . Possibly, the slight shortening of the summer duration at this time also favored the lLGM. Therefore, both orbital and suborbital phases may have added together to prime a distinct maximum glacial extent as recorded in south Patagonia.
The peak in obliquity at about 48 ka should have produced an intensified seasonality with warmer summers and colder winters. Nonetheless, the peak in southern summer insolation intensity at this time appears not to have prevented the southern PIS reaching a maximum. In this regard, even though high obliquity has been linked to overall unfavorable conditions for glaciation (e.g., Huybers and Wunsch, 2005) , we instead observe the maximum southern glacial extent during a period of high obliquity. We point to the maritime condition of the southern hemisphere, particularly at its mid-high latitudes, which permits a reduced seasonality (e.g., mild summers) compared to the northern "continental" hemisphere where high obliquity exacerbates seasonality. The obliquity peak at about 48 ka led to the lowest southern winter insolation within the last glacial period (e.g., not reached during the gLGM), which we suggest favored maximum glacial extent in southern Patagonia. Inboard MIS 3 moraines, such as RV II and AR moraines, were deposited at 34 ka, during warmer winters (Fig. 9a) . During the gLGM, when the PIS reached half the extent in TDP, winters were milder than the MIS 3, helping to explain, at least in part, the change in the southern PIS extent through the last glaciation and the potential effect of orbital forcing on mid-latitude southern hemisphere glacier fluctuations.
An aspect of the southern mountain glacial history that we cannot entirely reconcile is why different southern glaciers reached maximum extents at different times within the last glacial period, despite the same putative insolation forcing. In other words, why different southern glaciers seem to expose dissimilar ice extents through the last glacial period (e.g., Kaplan et al., 2004 Kaplan et al., , 2008a Putnam et al., 2013; Schaefer et al., 2015; Darvill et al., 2015a Darvill et al., , 2016 ; this study). Such a scenario could be determined by positive and negative feedbacks enhancing or counteracting the prime insolation forcing. Moreover, considering the extensive latitudinal climatic range of Patagonia and, to a lesser degree, New Zealand, together with the dissimilar local styles of glaciation and topography, a disparity in the ice extent throughout the last glacial period can be expected (i.e., asymmetry of maximum glaciation within one mountain range). In this regard, the ice extent at MIS 4, MIS 3 and MIS 2 in different basins should have been ultimately determined by local-to-regional scale controls, which in turn were superimposed on the rhythm insolation change beat (e.g., Putnam et al., 2013; Doughty et al., 2015; Darvill et al., 2016) . Our study exposes that the MIS 2 glaciation was half the extent of the MIS 3 glaciation in TDP. As mentioned above, this could be explained by the milder winters at the gLGM compared to the MIS 3. Nonetheless, it seems that other forcings also applied. For instance, the ice retreat at the end of the MIS 3 into the recorded MIS 2 position (i.e., TDP I moraine in Torres del Paine) could have been enhanced by positive feedbacks, such as breakdown effect of proglacial lakes (García et al., 2014) , and/or the snow starvation effect in response to the westward migration of the ice divide (towards the precipitation source) that is suggested to have occurred as the PIS built up, and thus restricting glacier extent to the east during the gLGM . In the same manner, the interpreted dry conditions in southern Patagonia in response to a northward migration of the westerlies during the MIS 2 may have also constrained the southern ice extent at this time (Heusser, 1989; Hulton et al., 2002; Kohfeld et al., 2013) . This is consistent with indications of a slower Antarctic Circumpolar Current and Drake Passage throughflow during the LGM, most likely together with reduced westerlies, drier southern Patagonia and reduced ice extent (cf., Lamy et al., 2015) . Moreover, if the atmospheric and/or oceanic bipolar seesaw ultimately controls the position of the southern westerlies, short-term glacier advances superimposed on long term PIS front variations, could be affected by remote interhemispheric teleconnections (Anderson et al., 2009; Denton et al., 2010) . Therefore, our best explanation is that long term insolation change through variation in winter conditions (e.g., embraced by the glacial mode Southern Ocean stratification and sea ice extent; Sigman et al., 2004; Putnam et al., 2013) affects long-term PIS and southern mountain glaciation, which at short time scales can ultimately be forced by regional to local mechanisms that either counteract or enhance the insolation effect. We agree with Doughty et al. (2015) and Darvill et al. (2016) that insolation changes alone cannot explain the timing of glacial advances because these are rather a consequence of millennial scale shifts in the Antarctic and Southern Oceanatmospheric system, which affected already expanded (i.e., in glacial mode) southern glaciers (cf., Barrows et al., 2007; Lamy et al., 2015) .
Interhemispheric glacial fluctuations
Glacier records suggest that the southern mountain glaciers and northern ice sheets may have fluctuated out-of-phase during the last glacial period (e.g., Kelley et al., 2014; Schaefer et al., 2015; Fink et al., 2006; Sutherland et al., 2007; McCarthy et al., 2008) . The prolonged mild interstadial conditions of MIS 3 identified in the northern hemisphere (e.g., Parducci et al., 2012; Dalton et al., 2016; Ivy-Ochs et al., 2008) were not experienced by southern mountain glaciers, which were at or close to their maximum positions at this time (This study, Doughty et al., 2015; Darvill et al., 2015a; Kelley et al., 2014) (Fig. 9c) . Global eustatic sea level, as a proxy for northern continental ice-sheet volume, had reached only near half of the gLGM sea-level lowstand by MIS 3 (Shackleton et al., 2000; Chappell, 2002) (Fig. 9b) . Similarly, northern hemisphere MIS 3 interstadial ice-free areas that were later overridden by ice at the gLGM have been recorded for the Alps, the Fenoscandian and the Laurentide ice sheets (Parducci et al., 2012; Dalton et al., 2016; IvyOchs et al., 2008) . Therefore, paleoglacier records suggest a lack of agreement in the timing of maximum glaciation extent between northern ice sheets and southern mountain glaciers. This glacier change occurs despite Antarctic and Greenland air temperature changes that appear nearly in-phase at orbital scales during the last glacial cycle (Jouzel et al., 2007; Huybers and Denton, 2008) . We believe that the contrasting glacial maxima in opposing hemispheres can be explained in part due to the respective polar insolation changes throughout the last ice age (Fig. 9a) . In this scenario, we tentatively suggest that the Earth's orbital configuration during MIS 3 prompted maximum or near maximum glaciation in the south while the orbital configuration during MIS 2 drove maximum continental glaciation in the north (when northern summer insolation intensity was at its lowest) (Berger and Loutre, 1991) . The long-term buildup of northern continental ice sheets, as based on sea level reconstructions (e.g., Shackleton et al., 2000; Chappell, 2002, Fig. 9a ), largely followed an uninterrupted trend of favorable insolation intensity since late MIS 3, culminating at c. 21 ka during the gLGM. In contrast, southern mountain glaciers, at least those ice lobes in the Sub-Antarctic region, could have responded to a relatively less favorable orbital configuration at this time, and reached a relatively reduced extent compared to earlier in the glaciation. As discussed in the previous section, the northward migration of the westerlies should have intensified the reduced extent of the southern Patagonian glaciers during the gLGM, and thus the inter-hemispheric difference in maximum glaciation.
Conclusions
-The Torres del Paine and Última Esperanza ice lobes advanced through the last glaciation at 48.0 ± 1.8 ka, 39.2 ± 2.0 ka, 34.0 ± 1.3 ka and 21.5 ± 1.8 ka. -The Torres del Paine and Última Esperanza ice lobes reached their maximum extent at 48.0 ± 1.8 ka, which was twice as extensive as the ice extent at 21.5 ± 1.8 ka during the gLGM. The MIS 3 maximum was due to the added effects of (orbitallydriven) southern cold winters and (millennial scale) Antarctic stadial conditions. Less extensive gLGM ice in southern Patagonia coincided with milder winters than during MIS 3, in addition to probable dry conditions affecting the tip of southern South America at this time. -The glacial maximum in south Patagonia is out-of-phase with the northern continental ice sheets. -Within statistic uncertainties, each of the glacial advances recorded by this study occurred synchronously with Antarctic stadials. Together, glacier records in Patagonia and New Zealand suggest a consistent ocean, atmosphere and cryosphere, high-to mid-latitude teleconnection, over millennial time scales in the southern hemisphere, probably linked to the North Atlantic throughout the last glacial period.
